Unsteady MHD free convection and mass transfer from a viscous, incompressible, electrically conducting and heat absorbing fluid flow past a vertical infinite flat plate is investigated. The flow is induced by a general time-dependent movement of the vertical plate, and the cases of ramped temperature and isothermal plates are studied. Exact solutions of the governing equations are obtained. The Sherwood number, Nusselt number and skin friction coefficients are obtained for both ramped temperature and isothermal plates. Some applications of practical interest are discussed for different types of plate motions. The numerical values of species concentration, fluid temperature and fluid velocity are displayed graphically whereas the numerical values of Sherwood number, the Nusselt number and skin friction are presented in tabular form, for different parameter values for both ramped and isothermal plates.
Introduction
The investigation of the effects of a magnetic field on the flow of a viscous, incompressible and electrically conducting fluid is important in many practical applications, such as in MHD power generators and boundary layer flow control. Due to this fact, a large number of researchers have contributed to the literature on the flow of fluids in the presence of a magnetic field. Hayat et al. [] investigated the flow of a third-grade fluid on an oscillating porous plate in the presence of a transverse magnetic field. They obtained an analytic solution of the governing nonlinear boundary layer equations. Hayat et al. [] also obtained the exact solution of an oscillatory boundary layer flow bounded by two horizontal flat plates, one of which was oscillating in its own plate and the other was at rest. Seth et al. [] obtained the exact solution for the effects of Hall current on the rotating Hartmann flow in the presence of an inclined magnetic field.
Magnetohydrodynamic free convection finds applications in fluid engineering problems such as MHD pumps, accelerators and flow meters, plasma studies, nuclear reactors, geothermal energy extraction, etc. Free convective flow past a vertical plate in the presence of a transverse magnetic field has been studied by several researchers. Kim [] studied the magnetohydrodynamic convective heat transfer past a semi-infinite vertical porous moving plate with variable suction. The combined effects of thermal and mass diffusion on the unsteady free convection flow of a viscous incompressible fluid over an ©2013 Nandkeolyar et al.;  licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. http://www.boundaryvalueproblems.com/content/2013/1/247 infinite vertical porous plate was investigated by Takhar et al. [] . Ahmed et al. [] considered the effects of thermal diffusion on a three-dimensional MHD free convection flow of a viscous incompressible fluid over a vertical plate embedded in a porous medium.
The combined effects of convective heat and mass transfer on the flow of a viscous, incompressible and electrically conducting fluid has many engineering and geophysical applications such as in geothermal reservoirs, drying of porous solids, thermal insulation, enhanced oil recovery, cooling of nuclear reactor and underground energy transports. The hydromagnetic free convection flow with mass transfer effect has been studied extensively by many researchers. Hossain and Mandal [] discussed the mass transfer effects on the unsteady hydromagnetic free convection flow past an accelerated vertical porous plate. Jha [] investigated the hydromagnetic free convection flow through a porous medium with mass transfer. Elbashbeshy [] studied the heat and mass transfer along a vertical plate with variable surface tension and concentration in the presence of a magnetic field. Chamkha and Khaled [] investigated the hydromagnetic combined heat and mass transfer by natural convection from a permeable surface embedded in a fluid saturated porous medium. Chen [] studied the combined heat and mass transfer in MHD free convection from a vertical surface with Ohmic heating and viscous dissipation. Afify [] discussed the MHD free convective heat and mass transfer flow over a stretching sheet in the presence of suction/injection with thermal diffusion and diffusion thermo effects. Eldabe et al.
[] studied the unsteady motion of an MHD viscous incompressible fluid with heat and mass transfer through porous medium near a moving vertical plate.
Heat absorption/generation effects have significant impact on the heat and mass transfer flow of a viscous, incompressible and electrically conducting fluid. Chamkha and Khaled [] investigated heat generation/absorption effects on hydromagnetic combined heat and mass transfer flow from an inclined plate. The effects of a heat source/sink on unsteady MHD convection through porous medium with combined heat and mass transfer was studied by Kamel [] . Chamkha [] solved the problem of unsteady MHD convective heat and mass transfer past a semi-infinite vertical permeable moving plate with heat absorption. Makinde [] discussed the hydromagnetic boundary layer flow and mass transfer past a vertical plate in a porous medium with constant heat flux.
In most of the above investigations, the solutions were obtained by assuming the velocity and temperature at the interface to be continuous and well defined. There are, however, several problems of physical interest that may require non-uniform or arbitrary wall conditions. Several researchers (e.g., [-]) have investigated problems of free convection from a vertical plate with step-discontinuities in the surface temperature. Chandran et al.
[] studied the unsteady natural convection flow in a viscous incompressible fluid near a vertical plate with ramped wall temperature. The MHD natural convection flow past an impulsively moving vertical plate with ramped wall temperature in the presence of thermal diffusion with heat absorption was studied by Seth and Ansari [] . Recently, Seth et al. [] studied the unsteady natural convection flow of a viscous incompressible electrically conducting fluid past an impulsively moving vertical plate in a porous medium with ramped wall temperature taking into account the effects of thermal radiation. They compared the results of natural convection near a ramped temperature plate with those of natural convection near an isothermal plate.
The aim of the present paper is to study the hydromagnetic free convective heat and mass transfer flow of a viscous, incompressible, electrically conducting and heat absorbing http://www.boundaryvalueproblems.com/content/2013/1/247 fluid past a vertical infinite flat plate. The fluid flow is induced by a general time-dependent movement of the infinite plate. The governing equations are solved analytically, and a general solution valid for any time-dependent movement of the plate is obtained. Some particular cases that highlight the applications of the general solution are discussed.
Formulation of the problem
Consider the unsteady MHD free convection heat and mass transfer flow of a viscous, incompressible, electrically conducting and heat absorbing fluid along an infinite nonconducting vertical flat plate. The x-axis is along the plate in the upward direction, the y-axis normal to it and the z-axis normal to xy-plane. The fluid is permeated by a uniform transverse magnetic field of strength B  applied along the y-axis. For time t < , the stationary plate and the fluid are at the same constant temperature T ∞ and species concentration C ∞ . At time t = , the plate begins to move with a time-dependent velocity U  f (t ) in its own plane along the x-axis and the temperature of the plate is raised or lowered to T ∞ + (T w -T ∞ )t /t  when t < t  and thereafter, for t > t  , it is maintained at a uniform temperature T w . Also, for time t > , species concentration is raised to C w . The geometry of the problem is presented in Figure  . Since the plate is of infinite extent in x and z directions, and is electrically non-conducting, all physical quantities, except pressure, are functions of y and t only.
The fluid under consideration is a metallic liquid, such as mercury, whose magnetic Reynolds number is small, and hence the induced magnetic field produced by the fluid motion is negligible in comparison to the applied magnetic field B ≡ (, B  , ), Cramer and Pai [] . Also, no external electric field is applied, so the effect of polarization of the magnetic field is negligible, Meyer [] . With these assumptions, the governing equations for the unsteady MHD free convection flow and mass transfer of a viscous, incompressible, electrically conducting and heat absorbing fluid are as follows:
where
and Q  are, respectively, the fluid velocity in the x-direction, the fluid density, acceleration due to gravity, the volumetric coefficient of thermal expansion, the volumetric coefficient of expansion for concentration, the temperature of the fluid, species concentration, specific heat at constant pressure, thermal conductivity, the kinematic coefficient of viscosity, electrical conductivity, chemical molecular diffusivity and the heat absorption coefficient. Assuming no slip between the plate and the fluid, the initial and boundary conditions are
Introducing the following non-dimensional variables
 is the mass Grashof number, Pr = ρνc p /k is the Prandtl number, Sc = ν/D is the Schmidt number and φ = νQ  /ρc p U   is the heat absorption parameter. The characteristic time t  is defined as
The corresponding initial and boundary conditions in non-dimensional form become
The system of differential equations ()-() together with the initial and boundary conditions (a)-(e) describes our model for the MHD free convective heat and mass transfer flow of a viscous, incompressible, electrically conducting and heat absorbing fluid past a vertical flat plate with ramped wall temperature. http://www.boundaryvalueproblems.com/content/2013/1/247
Solution of the problem
The set of equations ()-() subject to the initial and boundary conditions (a)-(e) were solved analytically using Laplace transforms. The exact solutions for species concentration C(η, t), fluid temperature T(η, t) and fluid velocity u(η, t) are, respectively,
Here, erfc(x), L fluid past a flat plate with ramped temperature in the presence of a uniform transverse magnetic field. In order to highlight the effects of the ramped temperature on the fluid flow, it is worthwhile to compare such a flow with the flow near a moving plate with constant temperature. The solution for species concentration is given by equation (). However, the fluid temperature and velocity for free convection near an isothermal plate has the following form:
The physical quantities of engineering interest are the Sherwood number Sh, the Nusselt number Nu and skin-friction τ . The Sherwood number measures the rate of mass transfer at the plate and is given by
The Nusselt number measures the rate of heat transfer at the plate, and for a ramped temperature plate it is
In the case of an isothermal plate, the Nusselt number is 
Plate movement with uniform velocity
Assuming that the plate moves with uniform velocity f (t) = H(t), the fluid velocity for the ramped temperature plate is obtained as
while the isothermal plate has the velocity
The skin friction for the ramped temperature plate is
and for the isothermal plate
The 
Plate movement with single acceleration
Assuming that the plate moves with single acceleration f (t) = tH(t), the fluid velocity for a ramped temperature plate was obtained as
The corresponding skin friction for the isothermal plate is
Plate movement with periodic acceleration
Assuming that the plate moves with periodic acceleration f (t) = cos ωtH(t), the fluid velocity for the ramped temperature plate is
and the fluid velocity for the isothermal plate is
The skin friction for the ramped temperature plate is expressed as
and the skin friction for the isothermal plate is
Results and discussion
The effects of various flow parameters on the MHD heat and mass transfer in the fluid flow past a flat plate, the velocity, species concentration and temperature profiles are given in Figures - when ω = π/ for both ramped temperature and isothermal plates. The values of the skin friction, Nusselt number and Sherwood number are presented in Tables -, again for both ramped temperature and isothermal plates. Figure  shows that species concentration C(η, t) increases with t and decreases with an increase in Sc. Since the Schmidt number Sc is the ratio of viscosity to mass diffusivity, an increase in Sc implies a decrease in the mass diffusion rate. Thus it follows that species concentration increases with an increase in time or mass diffusion rate. (t) = H(t), (b) f (t) = tH(t), and (c) f (t) = cos ωtH(t) for t = 0.7, Sc = 0.6, φ = 1, Pr = 0.71, Gr = 2 and Gm = 2. Figure  shows that for both ramped temperature and isothermal plates, the fluid temperature T(η, t) increases with t and decreases with an increase in either φ or Pr. Since the Prandtl number Pr is the ratio of viscosity to the thermal diffusivity, an increase in Pr implies a decrease in thermal diffusivity. This implies that heat absorption tends to reduce the fluid temperature, whereas thermal diffusion and time have the opposite effect. The finding that the fluid temperature increases with thermal diffusion and time is in agreement with earlier results of Seth and Ansari [] and Seth et al. [] . Figure  shows that for both ramped temperature and isothermal plates, the fluid velocity u(η, t) increases with an increase in t in all cases except in the case of periodic acceleration of the plate. In this case, the fluid velocity near the plate decreases with an increase http://www.boundaryvalueproblems.com/content/2013/1/247 in t and thereafter attains its usual nature, which is to increase with t. Thus, in general, it may be concluded that the fluid velocity in all three cases of interest increases with time.
Figure 9 Effect of variation in the thermal Grashof number Gr on the fluid velocity u(η, t) when (a) f (t) = H(t), (b) f (t) = tH(t), and (c) f (t) = cos ωtH(t)
Figures - show that for both ramped temperature and isothermal plates, in all three cases, the fluid velocity decreases with an increase in Sc, φ, Pr, or M, whereas it increases with an increase in Gr or Gm. Thus it follows that heat absorption and the magnetic field tend to retard the fluid flow, whereas thermal diffusion, mass diffusion, thermal buoyancy force and mass buoyancy force have the opposite effect. We further note from Figures - that the fluid velocity in the case of a flow past an isothermal plate is higher than that of a flow past a ramped temperature plate. The effect of the magnetic field, thermal buoyancy force and time on the fluid velocity in the case of a flow past an impulsively started plate are in agreement with that of Seth et al. [] . Tables - show that the skin friction decreases with an increase in time t except for the case where the plate moves with periodic acceleration. In this case, the skin friction for both ramped temperature and isothermal plates increases with an increase in time. It is evident that the skin friction, for both ramped temperature and isothermal plates, in all cases, increases with φ, Pr, or M, whereas it decreases with an increase in Gr or Gm, which implies that heat absorption and the magnetic field tend to increase the shear stress at the plate, while the thermal diffusion, thermal buoyancy force and mass buoyancy force have the reverse effect on it. The effects of the magnetic field, thermal buoyancy force and time on the skin friction in the case of a flow past an impulsively moving plate are similar to those obtained by Seth et al. [] .
In Table  we note that the Nusselt number for both ramped temperature and isothermal plates increases with Pr, φ or t, which implies that heat absorption and time have a tendency to enhance the rate of heat transfer at the plate, whereas thermal diffusion has the reverse effect on it. The tendency of the Nusselt number to increase with time is in agreement with the results of Seth et al. [] . It is also observed from Table  that the Sherwood number decreases with an increase in t, whereas it increases with an increase in Sc. Thus both mass diffusivity and time tend to reduce the rate of mass transfer at the plate.
To analyze the behavior of species concentration, fluid temperature and fluid velocity for large time t, the profiles of species concentration and temperature are presented in Fig-http: //www.boundaryvalueproblems.com/content/2013/1/247 Figure 11 Behavior of (a) C(η, t) and (b) T(η, t) for large time t.
Figure 12 Behavior of u(η, t) for large time t when (a) f (t) = H(t), (b) f (t) = tH(t), and (c) f (t) = cos ωtH(t).
ure  and the velocity profiles are depicted in Figure  . Figure  shows that the unsteady nature of species concentration and fluid temperature last even for large values of time t, which implies that even for large values of time, the species concentration and temperature field does not approach the steady state. However, in Figure  , it may be seen that the velocity profiles for all the cases of plate movement become parallel to the t-axis after a certain time. This shows that the velocity field approaches steady state as t → ∞. It is also observed that the velocity field approaches the steady state much faster in the case of impulsive and accelerated movements of the plate as compared to periodic acceleration of the plate.
Conclusions
We have investigated the unsteady MHD free convection heat and mass transfer flow of a viscous, incompressible, electrically conducting and heat absorbing fluid flow past an infinite vertical flat plate. The flow was induced by a time-dependent movement of the flat plate. Three cases of particular interest, namely () movement of the plate with uniform velocity, () movement of the plate with single acceleration and () movement of the plate with periodic acceleration, have been discussed. Exact solutions of the governing equations were found using Laplace transforms. The important findings may be summarized as follows:
-the mass diffusion rate and time tend to increase species concentration, -heat absorption reduces the fluid temperature, whereas thermal diffusion and time have the opposite effect, -heat absorption and the magnetic field tend to retard the fluid flow, whereas thermal diffusion, mass diffusion, thermal buoyancy force and mass buoyancy force have the opposite effect, http://www.boundaryvalueproblems.com/content/2013/1/247 -heat absorption and the magnetic field tend to increase the shear stress at the plate, whereas thermal diffusion, thermal buoyancy force and mass buoyancy force have the reverse effect, -heat absorption and time tend to increase the rate of heat transfer at the plate, whereas thermal diffusion has the reverse effect, and -mass diffusivity and time tend to reduce the rate of mass transfer at the plate.
